A transient technique was used herein to measure heat transfer coefficients on stator airfoils in a high-temperature annular cascade at "real engine" conditions. The transient response of thin film thermocouples on the airfoil surface to step changes in the gas stream temperature was used to determine these coefficients. In addition, gardon gages and paired thermocouples were also utilized to measure heat flux on the airfoil pressure surface at steady state conditions. The tests were ccnducted at exit gas stream Reynolds numbers of one-half to 1.9 million based on true chord. The results from the transient technique show gcod comparison with the steady-state results in both trend and magnitude. In addition, comparison is made with the STAN5 boundary layer code and shows good comparison with the trends. however, the magnitude of the experimental data is consistently higher than the analysis. Introduction Improved performance of turbojet and turbofan engines is typically accompanied by increased cycle pressure ratio and combustor exit gas temperature. Gas pressure levels of 25 to 30 atm and gas temperatures of 1600 K exist in some current operational engines while pressure levels up to 40 atni with gas temperatures of 1800 K are anticipated in advanced commercial engines. These continuing increases in the turbine entry gas pressure and temperature of the modern gas turbine engine and the high development cost puts a premium on an accurate initial aerothermal design of the turbine hot section hardware.
The design goals for commercial jet engines include high cycle efficiency, increased durability of the hot section components (lower maintenance costs), and lower operatinq costs. These goals are contradictory in that high cycle efficiency requires minimizing the cooling air requirerents while increased durability requires metal '.emperatures and temperature gradients to be mininized. An optimum design can only be realizeo through an improved understanding of the flow field and the heat transfer process in the turbine gas path.
Sophisticated computer design codes are being developed which have the potential of providing the designer with significantly better initial estimates of the flow field and heat load on the hot ,ection components. These codes are being evaluated and verified through low temperature and pressure research in cascades and tunnels. However, by design, these facilities do not model all of the processes that exist in a real engine environment, and therefore, the ability of the design codes to predict the interaction of the various parameters cannot be fully evaluated.
The Hot Section Facility at the NASA Lewis Research Center provides a "real-engine" environment with established boundary conditions and convenient access for advanced instrumentation to studv the aerothermal performance of turbine h9t sectiun components. The thermal performance and, ultimately, the life of these components in a realistic application is dependent on the designer's ability to predict the local h_at load distribution. The stator airfoil heel transfer coefficient distribution presents a particularly challenging situation for the designer because of the complex flow field through the turbine. Even though heat transfer on airfoils has been studied for several years, there is a limited amount of realistic data available to verify the analytical models. Measurement of heat flux in both a test rig and an engine environment is desirable as a means of verifying or im p roving the designers prediction capability.
Several techniques have been used to measure heat tlux to (from) turbine stator vane airfoils. These measurements have been made primarily in test rigs at simulated engine conditions. Both steady state tests (using gardon gages, paired therniocouples, heater strips, and calorimetry) and transient tests (using blow-crown tunnels and shock tubes) have been utilized.
In addition, Dilsl has suggested a transient technique using the fluctuating gas temperature as the driver.
This report uses an adaptation of the Oils method and that of Berry 2 and Beacock 3 to determine the heat transfer coefficients on stator airfoils operating at "real engine" zonditions. The dynamic response of thin film thermocouples to the random pulses of the gas temperature were analyzed and used to determine the local heat transfer coefficients. In addition, gardon gages and paired thermocouples were used to measure heat flux on the stator pressure surface.
The tests were conducted in the HSF cascade rig at gas s t ream temperatures and pressures up to 1400 K and 13 atm. These conditions correspond to exit gas stream Reynolds numbers up to 1.9 million based on true chord.
The data are presented as a heat transfer coefficient distribution around the stator airfoil. In addition, comparisons are made with the yaraon gages and paired thermocouples as well as analytical results from the STANS boundary layer code.
Facility

General Uescriptinr
The hot Section Facility (HSF) is shown in a perspective view in Fig. 1(a) . The HSF is a unique facility having fully-automated control of the research rig through an integrated systen of minicomputers and programmable controllers. The major components of this facility and how they interface to provide a real engine environment are discussed in more oetail in kefs. 4 and 5.
Combustion air is provideo to the facility at 10 atm through a nonvitiated preheater which modulates the air temperature between ambient and 560 K. A 2U-atm mode of operation can be selected which provides combustion air at pressures up to 20 atm and temperatures up to 730 K when utilizing the heat of compression of a 2:1 compressor.
Digital Control Center
The operation aria data acquisition for the facility are fully automated through an integrated digital minicomputersystem callea the Digital Control Lenter (DLC). 4,5 Four interconnected mini computers make up the DLL. Each computer has a dedicated task and is identified according to its primary task (eq., Input, Control, Operation, and Research computers). The Control computer was the key link to the successful completion of the research described herein.
The Control computer's task is to control 19 highly interactive process variables at update rates of 20 to 15U times s ec. All test conditions are stored in the Operations computer prior to a test run and are passed to the Control computer when the operator requests a change in conditions. In addition, the operator can request a step change in a process variable through the Setpoint Entry Keyboard. This feature was used to create step changes in the combustor exit temperature at known frequencies to drive the transient conduction process.
Cascade Confiquration
A cross-sectional schematic of the HSF cascade is shown in Fig. 1(b) . T,re major components consist of a heat source (combustor), the full annular vane row, an exhaust duct, a quench system (to lower temperature of the exhaust gas), and ;he exha,:st system.
The vane row consists of 36 stator vanes. The 36 vanes are separated into two groups: 10 test vanes and 26 slave vanes. The test vane and slave vane cooling air is supplied from two separate manifolds with the flow rates to each manifold independently computer controlled. The primary instrumentation for these tests were in tiie slave vane sector.
Stator Vane
The stator vane configuration used for these tests was a hollow shell without an insert to augment the coolant-sine heat transfer. The cooling air was supplied to the vane through the vane tip and exhaustea into a plenum at the vane hub. Because the leading and trailing edge regions were undercooled, the combustor exit gas temperature was restricted to maintain ,easonable metal temperatures in the airfoil.
The vane rcw hub aria tip diameters were 0.432 and 0.50% m, respectively. Both the vane height aria chord were 3.81 cm. More detailed geometric data are g iven in Table 1 and Ref. 5.
lnstrumantation
The primary instrumentation used fu. , these tests were a dual-element, fast response gas temperature probe and thin film thermocouples to measure the airfoil surface temperature. Other conventional steady state instrumentation such as gas total temperature aria pressure probes and airfoil surface temperature aria pressure sensors were used to monitor the test conditions. Gardon-type and paired thermocouple heat flux p ages were also installed on selected airfoil pressure surfaces.
The dual-element gas temperature probe was located at the combustor exit, 263' ccw from top dead center looking downstream. The probe sensors are shown in Fig. 2 . The two thermal elements of the probe were platinum 30 percent rhodium/platinum b percent rhi.Jium (type B) and were 0.076 and 0.25 mm in diameter, respectively. The probe construction is describes in more detail in Ref. b.
The airfoil surface temperature response was measured by thin film thermocouples sputtered on the gas-siae surface of four vanes. These vanes were located circumferentially at 90' ccw +30'. The thermal elements were platinum/platinum 10 percent rhoaium (type S). Each thermal element of the thermocouple was 1.21 mm wide by 12 um thick forming a junction of `1.27 mm in the chorawise direction. A 2.5 to 3.0 um thick substrate of Al203 serveo as an insulator between the thin film and the airfoil wall. A typical application of the thin film thermocouples is shown in Fig. 3 . Typically, there were four thermocouples on one surface of the airfoil and two thermocouples on the opposite surface. The distribution of thin film thermocouples is given in Table 2 .
Two types of heat flux gages were installed on the pressure surface of four airfoils. There were four gardon-type gages on two airfoils and four paired thermocouple-type gages on each of two airfoils. These airfoils were located circumferentially at 270 * ccw + 15 * . These gages were installed and calibrated by Pratt and Whitney Aircraft following the procedure outlined in Ref. 7. The location of these gages are given in Table 2 . When heat flux gage data were recorded, the dualelement probe was replaced with a conventional aspirated total temperature probe.
kesearch Data Svstem
The research computer controls the steady state data gathering process c, command. During the data raking cycle, the research computer prepositions the radially traversed probes, records ano stores raw data, increments the probes to a new position ano repeats the process until the cycle is complete. The raw data is then converted to engineering units, packaged, tagyeo with a unique number, ano transferred to the Central Data Collector f^r further processing and storage.
The purpose of these tests was to determine heat transfer coefficients through the transient response of the airfoil wall temperatures to changes in the gas temperature. To accomplish this, it was necessary to simultaneously record the time history of both the dual-element gas temperature probe and the thin film thermocouples as the gas temperature was stepped at several frequencies. Both the do and ac outputs of these instruments were recorded simultaneously on FM tape. Low noise ac and uc amplifiers with gains of 100 to lODU were used to obtain signals with sufficient oagnituae to be recoraea on the FM tape. Because of FM tape channel limitations only four thin film thermocouples could be recorded simultaneously for a given series of runs.
Ex p erimental Procedure
The gas conditions were established by setting the combustor inlet total pressure, the vane exit cuter-radius static pressure, aria the combustor fuel/air ratio to predetermineo input values stored in the Operations computer. The coolant flow rate ano temperature were also fixed at predetermined input values.
The Setpoint Entry Keyboard was then used to step the combustor exit temperature between the input value ano a 140 K increment at a given frequency. The test conditions are summarized in Table 3 .
Analytical Procedure
Model
The transient heat transfer model of Dilsl was used to determine the heat transfer coefficients on the airfoils testea. However, where Oils used the inherent gas temperature fluctuation from the combustion process, the data obtained herein were the result of imposed step changes in the gas temperature at known frequencies.
In a semi-infinite solid subject to periodic temperature boundary conditions, the Fourier components of the surface temperature are attenuated according to the relation:
If the thermal wavelength, olwf, is small with regard to the dimensions of the body and the local heat transfer coefficient on the surface is constant within the bandwidth of the surface temperature wave, then the amplitudes of the Fourier components of the surface temperature ano the gas temperature are related by the approximation:
There is a 45 * phase lag between the Fourier compunents of the surface and gas temperature waves.
If the thermal properties of the airfoil wall are known ano the amplitude ratio of the Fourier components can be determined, then the local heat transfer coefficient can also be determined.)
Data keouction
Dynamic measurements of the gas and wall temperatures were recorded on FM tape while the gas temperature was ramped between high and low t^mperatures at several frequencies. The FM tape was Lhen aigitizea at a sampling rate twice the highest frequency of interest or 25 samples/sec. The ac channels of each digitized reading were stripped out to identify the exact length and location of each ramping event. This information was entered in an input file. An IBM 310 was used to read the input tile ano the dioitizf:a data aria to take the transfer function Detween the gas temperature and the wall temperature (i.e., the do aual element Channel ano the do thin film channel). The amplituae ratio, A = Tw(f)/'g(f), was then plotted against frequency for those frequencies where the phase angle was -45*5 * and the coherence was >0.9. A line with a slope of -112 was then drawn through the data as Dils' theory requires anu the heat transfer coefficient was calculated from Eq. (2).
Analysts
The STAN58.9 boundary layer cone was used to calculate the expected heat transfer coefficient distribution around the stator airfoil. Since all tests were made at the same nominal gas temperature conditions the primary variable was the gas pressure which was used to establish the Reynolds number. The stator inlet and exit critical velocity ratios were also kept cunstant at design values. The oe^ign critical velocity ratio distribution around the airfoil is shown in Fig. 4 . Experimental measurements also shown in Fig. 4 agree well and justify the use of this velocity ratio distribution in the STANS boundary layer code. The stator inlet turbulence level was assumed to be IU percent.
The boundary layer on the pressure surface was forced to a turbulent solution at a point forward of that predicted by the transition models in STAN5. The start and finish of transition was assumed to be at an x/L of 0.044 and O.IU, respectively. The boundary layer transition point on the suction surface was determined by the Van Driest and Blumer model while the length of transition was determined by the Abu-Ghanman and Shaw model.
Heat Flux bage
The heat flux at selected locations on the airfo i l pressure surface was aetermineo by the measurement of wall temperature and a temperature difterential and converting these measurements to heat flux through a sensor calibration.
wl .re the sensitivity is determineo from calibration and has units of yv/W /m z . Local heat transfer coefficients were then calculated using the gas temperature measure-.1 at the combustor exit mean radius and the local ,ill temperature.
h g,ss = q /(Tg-T w)
The gas temperature was measured in the sector where the heat flux gages were located.
Uncertainty Aralysis
An uncertainty analysis 10 was made with the goal of determining the uncertainty in the measuree heat transfer coefficient. The heat transfer coefficient, h q T , is a function of the properties of the wall m3ferial, Mar M-509, frequency and the amplitude ratio, A. The sources of error used to determine the uncertainty ` the gas emperature at 1255 K aria the wall temperature at b10 K are shown in Table 4 . The uncertainty of the frequency at 1 Hz was assumed to be *0.01 Hz and the uncertainty of density was assumed to be *0.1 percent. The uncertainty of the thermal conductivity was derived Iron the root mean square of a *4 percent uncertainty due to the aluminum oxide insulator between the airfoil wall and the thin filg i a *4 percent uncertainty in the reported value , and a *0.8 percent uncertainty due to the wall temperature (*I.b percent). The uncertainty in specific heat was the root mean square ofDD *3.0 percent uncertaint , in the reported value 11 and a *0.4 percent uncertainty due to the wall temperature. A *15 percent uncertainty based on the data scatter was used fcr the amplitude ratio. This resulted in a total uncertainty of *15.3 percent in the transient measured heat transfer coefficient. The uncertainty in the steady state measured heat transfer coefficient was calculated based on a *12 percent uncertainty in the heat flux measurement, a *b0 K uncertainty in the gas temperature measurement, and a *1.0 percent -ncertainty in the wall temperature measurement. This resulted in total uncertainty of *lb percent iii the steady state measured heat transfer coefficient. the spatial location of the thin film thermocouples is given in Table 2 . The uncertainty in the location is 1.25 r..,i which is within *10 percent of the x/L locations given.
Results
The purpose of this paper is to present experimentally measured heat transfer coefficients obtained in a "real engine" environment by a transient technique, compare the results with steady state data and predicted heat transfer coefficients, and discuss the significance of the results.
Thin Film Thermocouples
Heat transfer coefficients were determined by repeatenly ramping the gas temperature between a low and a high temperature at several different frequencies and recording the transient response of the wall temperature. A portion of typical wall and gas temperature tiwe histories shown in Fig. b(a,b) illustrates the magn'.tude aria shape of the transient input and the time response of the thin film thermocouple. Typically, the gas temperature was varied 140 K aria the wall temperature r esponded with a variation of -30 K. In Fig. 5 , six repetitions of a 2 sec ramp cycle are followed by seven repetitions of a 4 sec ramp cycle. These and other ramp cycle lergths were used to gather data at fundamental frequencies from 0.005 to 0.5 Hz (periods of 200 to 2 sec).
The amplitude ratio of the Fourier components of the wall to gas temperatures was plotted against frequency on log-log paper. Data at x/L = 0.262 are shown in Fig. 6( ,b,c) for gag Reynolds numbers of U.55x1U 6 , 1.2Ux1U g and 1.90x10 6 , respectively. Data at fundamental frequencies less than 0.05 Hz were ueleteo because the phase lag was less than 45% thus violating a requirement in Dils' approximation. The oata in Fig. b follow a slope of -1/2 and has a phase lay of abort 45' as Dils' theory requires, ,justifying the use of that approximat4on to determine local heat transfer coefficients. The coherence function between the gas temperature ramp aria the wall temperature response was greater than U.b which inuicates that there was a significant relationship. The trend of increased heat transfer with increased Reynolds number is also inuicates by the data.
Heat Transfer Loefficients
The experimental heat transfer coefficients on the airfoil pressu r e surface are shown in Fig. 7 . The data are plotted as & function of the dimensionless surface distance, xiL. Also included on the figure is an analytical solution from the STAN5 boundary layer code.
Pre sure surface. The low keynolds number oata (O.bbx 0 are shown in Fig. 7(a) . The data from the transient experiment show generally laninar characteristic; in the miachord region with a transition to turbulent flow near the trailing edge. The steady state experimental data from the gardongages aria the paired thermocouples also show generally laminar characteristics in the midchor. region with a m,ryritoae of -75 percent of the tran.ie t N dY AL^7r?+.
data. The experimental data are also compared with an analytical solution that has been forced to a turbulent flow solution near the airfoil leading edge. This solution compares favorably with the steady state heat transfer coefficients but it is -75 percent of the transient data.
The 1.2x106 Reynolds number data are shown in Fig. 1(b) . The transient experimental data fron, the thin film thermocouples in the midchord and trailing edge region follow a trend suggesting boundary layer transition. However, the heat transfer coefficient, from the transient technique, in the leading edge region h&ve relatively large magnitudes consistent with an augmented laminar bounuary layer. The two transient measurements at x/L of 0.354 are from different vanes and show a significant difference in magnitude. Data up to an x/L of U.354 are in an apparent transitional region indicatea by the steep gradient in the heat transfer coefficient. The steady-state experimental aata from the garoon-type and pairea-thermocouple gages generally compares with the transient experimental data. The STAN5 analysis was also ,orceo to a turbulent flow solution near the leading edge for tl:is t.eynolos number. The results in Fig. 7(b) show a good comparison between the analysis and the experimental data in both magnitude ano trend.
Data fur a Reynolds number of 1.9x10 6 art shown in Fig. 7(c) . The heat transfer coefficients from both the transient and the steady-state measurements show the same trend in the midchord region. However, the steady-state data have a larger magnitude than the transient data at this Reynolds number, which is opposite of the relation shown in Figs. 1(a) and (b) . The analytical solution shows a good comparison with the experimental heat transfer coefficients when the boundary layer is forced to a turbulent flow solution near the lead i ng edge.
Suctionsurface. Experimental heat transfer coe f ficients rom t e transient technique are shown in ,ig. 8 fur the airfoil suction surface. The analytical solution fron STAN5 follows 'he data reasonably well for all three Reynolds numbers. however, at an xIL of U.b2, the experimental heat transfer coefficient shows a substantial increase over the trend establishes by the other oata. A suoaen increase in heat transfer on a suction surface trailing edge is not uncommon and may be due to secondary flow effects. In addition, the analytical solution generally unaerp , euicLa the experimental results. And the maco itude of the unoerpreoiction increases with d^, .creasina Reynolds n unibe r.
Discussion
The transient and steady state experimental oata on both the airfoil pressure surface and the transient data on the suction surface show increasing magnitude with Reynolds rumber as would be expected.
In addition, the experimental data trends are similar to those predicted by the STAN5 boundary layer code. Data from both transient and steady-state techniques on the pressure surface have similar magnitudes and trends. There is, however, a significant deviation in magnitude between the experi m ental heat transfer coefficients and those predicted by STAN5 in the laminar ano transitiooal regions.
The strengths of the transient technique are its relative ease of installation on the airfoil surface without the precise fabrication steps required for the gardon-gages and the paired tho.rmocouples. This also permits a greater density of thin film thermocouples to be installed on a giv°n airfoil without affecting its structural integrity. In addition, the transient technique can measure the total convective heat transfer coefficient at the airfoil surface without the onedimensional limitations of the steady-state gages.
However, the heat transfer experiment using a transient technique must be carefully planned to comply with the semi-infinite wall and constant coefficient assum p tions of the experimental model. The assumption regarding shall thermal wavelengths follows from the semi-infinite solid model. The thermal wavelengths for this study rang y from 5.32 mm to 1.68 mm for the frequencies 6.05 to 0.5 Hz, respectively. These are o'` the same order as the airfoil wall thickness of 1.3 nun because of the low frequency range. however, the low frequency range used satisfies the assumption that the local heat transfer coefficient on the surface is constant within the bandwidth of the surface temperature wave. The only change in heat transfer coefficient, while ramping the gas temperature, would be due to changes in fluio properties which are minor for a 140 K gas temperature increment. Also, the different circumferential orientation of the gas ano wall temperature measurements may have contributed to the uncertainty of the heat transfer coefticients from the transient technique.
Concluding Remarks
The results of measuring heat transfer coefficients on turbine vane airfoils through a transient technique are presented and compared with steady state measurements ano analysis. The results show good comparison with the steady state data.
Ii i addition, the experimental data trends are predicted by the STAN5 boundary layer code. however, the magnitude of the experimenta l : measurements were not predicted by the analysis particularly in laminar and transitional regions near the leading eage.
Inability of the STAN5 boundary layer cone to predict the heat transfer coefficients may be due to the difficulty in afterm i ning the boundary layer transitional region. Lack of close aaherence to the assu,ptions of thf. experimental model may also contribute to the uncertainty in experimental heat transfer coefficients. Other causes may also include the circumferential separation between the gas temperature and the wall temperature measurements which should be made as close together as possible. Verification of these as sources of error should be the focus of additional experimentation with this technique. Uncertainty analysis, however, has shown that most of the analytical results and the steady state measurements are bracketed by experimenta l . error bands on the transient data. Measuring heat transfer coefficients by a transient technique shows great potential for hostile environments such as ,let engine hot sections. Particular att_ntion, however, must be given to setting up the experiment within the assumptions of the experimental model, 
